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€Iition does not forbid the possihility of the readjust­
ments of masses herein regarded as the initial cause 
of superheating, even if those masses be quite hot but 
under such gravitational pressure of superincumbent 
masses as to forbid fusion. 
THE STRUCTURE OF METALS.* 
By PROF. J. A. EWL'w. 
IT will not be disputed that this is a primary con­
cern of the engineer, who in all his problems of de­
sign is confronted by the lim itations imposed on him 
by the strength and elasticity of the materials he em­
ploys. It is a leading aim with him to secm e light­
ness and cheapness by giving to the parts t;uch dimen­
sions as are no larger than will secnre safety, and 
hence it is of the first importance to know in each 
particnlar case how higll a stress may be applied with­
ont risk of rnptnre or of permanent alteration in form. 
Again, the engineer recognizes the merit, for strnc­
tural pnrposes, of plasticity as well as strength, and in 
many of his operations he makes direct nse of that 
property, as in the drawing of wIres and tnbes or the 
flanging of plates. He is concerned, too, with the hard­
ening effect that occnrs in snch processes when work 
is expended on permanently deforming a metal in the 
cold state, and also with the restoration to the normal 
condition of comparative softness which can be bronght 
abont by annealing. Nor can he afford to be indiffer­
ent to the phenomena of "fatigne" in metals, which 
manifest themselves when a piece is snbjected to re­
peated alternations or variations of stress-fatigne of 
strength and fatigne of elasticity, which, like physio­
logical fatigne, admits nnder some conditions of rest­
cnre, inasmnch as it tends to disappear with the lapse 
of time. 
To engineers, qnite as mnch as to physicists and 
chemists, we owe in recent years an immense exten­
sion of knowledge regarding the strnctnre of metals. 
This had come abont mainly by the intelligent nse of 
the microscope. 
We now know that this process of crystal growth 
occnrs not only in the solidification of a metal from 
the liqnid state, bnt in many cases dnring cooling 
throngh a "critical" temperatnre when the metal is 
already solid. We know also that the process may in 
certain conditions go on slowly at very moderate tem­
peratures. We know also that the process of anneal­
ing is essentially the raising of the metal to a temper­
atnre at which recrystallization may take place, thongh 
the metal remains solid while this internal rearrange­
ment of its ,particles goes on. Whether crystallization 
occnrs in solidifying from the liqnid or dnring the 
cooling of an already solid piece it resnlts in the for­
mation of an aggregate of grains, each one of which 
is a trne crystal. Their size may be large or small­
in general, qnick cooling means that crystallization 
starts from many nnclei, and the resnlting grains are 
conseqnently small; with very slow cooling yon get a 
gross s trnct-Qre made np of grains of a mnch l arger 
size. 
It was shown by Mr. Rosenhain and myself that 
when a piece of metal is strained beyond its limit of 
elasticity, so that permanent set is prodnced, the yield­
ing takes place by means of slips between one and 
another portion of each crystal grain. A part of each 
crystal slides over another part of the same crystal, 
as yon might slide the cards in a pac k. It is as if 
all the soldiers at one side of a given line were to take 
a step forward, those on the other side remaining as 
they were, or as if all the men in the front rows took 
a step to the left, while those in the rows behinc1 kept 
their places. In other words, the plasticity which a 
metal possesses is dne to the possibility of shear on 
certain planes i n  the crystal that are called "cleavage" 
or "gliding" planes. Plastic yielding is dne to the 
occnrrence of this shear; it may take place in three or 
more directions in a single grain, corresponding to the 
varions possible planes of cleavage, and in each direc­
tion it may happen on few or many parallel planes; 
according to the extent of the strain to which the piece 
is snbjected. Examine nnder the microscope the pol­
ished snrface of a piece of metal which has been some­
what severely strained after polishing, and yon find 
that the occnrrence of this shear or slip is manifested 
on the polished snrface' by the appearance of little 
steps, which show themselves as l ines or narrow 
bands when looked at from above. To these we gave 
the name of slip-bands. Jnst as the piece of metal 
is an aggregate of crystal grains, the change of shape 
which is imposed npon it in straining is an aggregate 
effect of the mnltitnde of little slips which occnr in 
the grains of which it is made np. Each grain, of 
conrse, alters its form in the process. 
Further, in the process of straining we have, first, 
an elastic stage, extending throngh very small move­
ments, in which there is no dissipation of energy and 
no permanent set. When this is exceeded, the slip 
occnrs snddenly; the work done in straining is dissi­
pated; if the straining force is removed a strain per­
sists, forming a permanent "set"; if it continnes to 
act it goes on (within certain limits) ,prodncing ang­
mented strain. In general, a large amonnt of strain 
may take place withont the cohesion between the 
gliding snrfaces being destroyed. Immediately after the 
�train has occnrred there is marked fatigne, showing 
itself in a loss of perfect elasticity; bnt this will dis­
appear with the lapse of time, and the piece will then 
be harder than at first. If, on the other hand, a pro­
cess of alternate straining back and forth be many 
times repeated, the piece breaks. 
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These are now familiar faets. Can we attempt to 
explain them on the basis ot a 1l10leeular theory whicb 
will at the same time offer a clue to the process of 
crystal-bnilding as we find it in metals? Jnst as in 
dealing with magnetic phenomena, I take as starting­
point the idea that the stability of the structnre is 
dne to mntnal forces exerted on one another by its 
elementary parts or molecnles, and that the cine to the 
phenomena it; to be songht in the play of thet;e mu­
tnal forces when displacement of the molecules oc­
curs. 
At first, when the displacement by sliding is exceed­
ingly small, the strain is a purely elastic one. The 
molecules adjacent to the vlane of sliding pull one 
another round a little, but without breaking bonds, 
and if in this stage the strain is removed, by letting 
the plate slide back to its original position, there is 
no dissipation of energy. The work done in displac­
ing the molecules is recovered in the return move­
ment. We have here a representation ot what happens 
between each pair of adjoining rows in the elastic 
straining of a metal. So far the action is within the 
lImit of elasticity; it leaves no permanent effect; it is 
completely reversible. 
But now let the process of straining be carried fur­
ther. The opposing mo'ecules try to preserve their 
rows i ntact, but a stage is reached when their resist­
ance is overcome; the bonds are broken, and they 
swing back, unable to exert furtller oVposition to the 
slip. The limit of elasticity has now been passed. 
Energy is dissipated; set has been produced; the ac­
tion is now no longer reversible. The model shows well 
the general disturbance that is set up in molecules ad­
joimng the plane of slip, which we may take to ac­
count for the work that is expended in a metal in 
producing plastic strain. 
Moreover, when the slip on any plane stops and the 
molecules settle down again, the chances are much 
against their all taking up the normal orientation 
which they had before the disturbance. What I have 
called dissenting groups or unstable coteries are form­
ed as a result of the disturbance. Here and there like 
poles are found in juxtaposition. Viewed as a whole" 
the molecular constitution of tne metal in the region 
adjacent to the plane of slip is now uncertain and 
patchy. It ,includes parts whose stability is much less 
than normal. Individual molecules or small groups in 
it are very feebly stable; a touch would make them 
tumble into positions of greater stability. 
Observe h ow all this agrees with what we know 
about the nature of plastic strain through experiments 
on iron or other metals. Its beginning is character­
istically jerky. Once the critical force is reached, 
which is enough to start it, there is a big yield, which 
will not be stopped even by reducing the amount of the 
straining force. 
Again, we' know that there is an action 'that con­
tinues after the straining force has done its main 
work. I ascribe this to the gradual breaking up of 
the more unstable groups which have been formed dur­
ing the subsidence of disturbance in the earlier stage 
of the slip. 
Further, we know that overstrained iron is very 
imperfectly elastic until it has had a long rest, or 
until it has been raised for a short time to a tem­
perature such as that of boiling water. This is to be 
expected when we recognize the presence of unstable 
individuals or groups resulting from the overstrain. 
When the elasticity of the overstrained piece is tested 
by removing and reapplying the load, some of these 
tumble into new positions, making inversible move­
ments, which dissipate energy and produce hysteresis 
in the relation of the strain to the stress, although the 
strain is quasi-elastic. At ordinary temperatures these 
unstable groups are gradually becoming resolved, no 
doubt through the action of the molecular movements 
that are associated with heat, and hence the slow pro 
gressive recovery of perfect, or nearly perfect, elas­
ticity shown by the experiments of Muir. Let the tem­
perature be raised, and they disappear much more 
quickly. In warm surroundings the rest-cure for elas­
tic fatigue does not need to be nearly so long. 
Rosenhain has recently shown that after the slip­
bands on the surface of an overstrained specimen have 
been obliterated by polishing, traces of them will re­
appear on etching if only a short interval of time 
is allowed to elapse since the over-straining; but if 
time is given for complete recovery no traces are found. 
This is in remarkable agreement with the view now 
put forward, that the layers COlltigUOUS to the sur­
face of slip contain, for a time, comparatively unstable 
groups. They are consequently different from the 
normal metal until the unstable groups are resolved, 
and the temporary difference manifests itself on etch­
ing, provided that is done while the difference still ex­
ists. 
From the engineer's point of view a much more im­
portant matter than this fatigue of elasticity is the 
fatigue of strength that causes fracture when a strain­
ing action is very frequently repeated. E<xperiments 
which I made with Mr. Humfrey showed that this ac­
tion begins with nothing more or less than slight slip 
on surfaces where the strain is locally sufficient to ex­
ceed the limit of elasticity. An alternating stress, 
which makes the surfaces slip backward and forward 
many thousands or it may be millions of times alter­
nately, produces an effect which is seen on the pol­
ished surface as a development of the slip lines into 
actual cracks, and this soon leads to rupture. 
We have, therefore, to look for an effect equivalent 
to an interrnption of continuity across part or the 
whole ,of surface of slip, an effect progressive in its 
character, becoming important after a few rubbings to 
and fro if the movement is violent, but only after 
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a grea t. many rubbings if the movemQnt is slight. 
That there is a progressive action which spreads 
more 01' less into the substance of the grain on each 
side of the original surface of slip was clearly seen in 
the experiments referred to. It was found that a slip­
band Visible on the polished surface of the piece broad­
ened out from a sharply defined line into a compar­
atively wide band with hazy edges, and this was traced 
to an actual heaping up of material on each side of the 
step which constituted the original line. 
I think this suggests that under alternating stresses 
which cause renp�ted backward and forward slips. 
these do not occur strictly on the same surface in the 
successive repetitions, and hence the disturbance 
opreads to some extent laterally. It may be conjec­
tured that slip on any surface leaves a more or less 
!lefedive alignment of the molecular centers; that is 
(0 sa�', t.he rows on one side of the plane of slip cea�e 
to lie strictly in line with those on the other side. If 
this occurs over neighboring surfaces, as the result of 
slips or a number of parallel planes very close to­
gether, the metal throughout the affected region loses 
its strictly crystalline character, and with it loses the 
cohesion which is due to strict alignment. 
Taking a previously untrained piece, it is clear that 
the faeility with which slip will occur at any par­
ticular surface of sli p in any particular grain de­
pends not only on the nature of the metal and on the 
orientation of the surface in question to the direction 
of the stress, but also on the amount of support the 
grain receives from its neighbors in resisting slip 
there. 
ACTION OF RADIUM EMANATION ON THE 
HUMAN BODY. 
S01m interesting experiments have been recently 
carried out by S. Loewenthal,* to ascertain whether 
the human body, either in a healthy or morbid condi­
tion, would undergo any appreciable constant reaction 
under the influence of small amounts of radium emana­
tion. Water from, the mains served as the vehicle for 
the emanation. One gramme of radium-barium carbon­
ate, containing 0.3 milligramme of radium bromide, 
was wrapped with parchment in a small glass b ottle 
and introduced into a larger glass vessel containing 
one-quarter of a liter of water from the mains, the bot­
tle being sealed air-tight. The actual amolJ.Ilt of ema­
nation was determined by means of the Elster-Geitel 
electroscope. 
Tests of the water containing the emanation showed 
an average fall of 1,000 to 1,500 volts per hour for 
each cubic centimeter, according as the consumption 
was more or less rapid. 
Given amounts of this liquid were supplied to the 
person experimented on, in different ways. In order to 
ascertain the admissible maximum amount exerting no 
noxious action in the ca'se of healthy people, the author 
based his conclusions on the fact that the bodies of those 
who are in the habit of working with radium will 
accumulate considerable amounts of emanation, which 
may be ascertained in the expired air and excreta. By 
experiments made on himself, he stated that a mini­
mum of 10,000 units = 10 cubic centimeters of emana­
tion water had to be incorporated with the body in 
order to be detected. 
No disturbance, subjective or objective, was stated 
as a consequence of the experiments, either in the case 
of the author himself or with other persons. Nor 
could any such disturbance be observed with rabbits 
or cats which had been treated with the emanation 
water. 
Quite different were the results obtained in the case 
of sick people. Owing to the specific effects exerted 
by thermal sources on certain chronic diseases of the 
articulations, etc., the author began experimenting on 
patients suffering from rheumatism of the articula­
tions, only such cases being investigated in which a 
stationary condition had been establ ished for some 
time past. 
In each of the eleven cases examined by Loewenthal, 
the pains in the parts formerly affected would aug­
ment either on the day of incorporating ,10,000 units 
or on the day following this absorption. This con­
stant reaction strikingly recalls the bath reaction ob­
served in hot-spring health resorts and generally con­
sidered as a favorable indication preceding recovery. 
The similarity of the two reactions becomes still more 
striking when the emanation water is added to ordi­
nary baths. The emanation is found to be mainly 
absorbed by the lungs. 
Assuming the earth to be in thermal equilibrium, 
then, even if the whole of this interior heat be due to 
radium alone, the mean quantity per cubic centimeter 
cannot much exceed 1.75 X 10-13 grammes. The con­
clusions of Rutherford, based on somewhat different 
values for the constants involved, give an equivalent 
of 1.52 X 10-13. Now Strutt has found that the poorest 
igneous rock examined by him, namely, Greenland 
basalt, contains more than ten times this quantity, and 
an average rock fifty or sixty times the amount. The 
assumption that the earth is cooling only aggravates 
the difficulty, and facts appear to tell against the 
theory that it is getting hotter. Also, we must take 
in to consideration the heat due to the existence of 
uranium, thorium, etc. We appear, therefore. to be 
driven to one of two assumptions: either (a) that the 
rate of heat production by radium diminishes as we 
approach the center o f  the earth; o r  (b) that the in­
terior of the earth differs markedly in constitution 
from the exterior crust. 
• ru',.lx,UU,'CUt ZeItschrift, N 0.16,1906, 
